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~500 nearby SNe Ia with ~1100 spectra
~500 spectra from SNe with light curve 

information

~150 high-z ESSENCE spectra 

Come talk to me or read about it in my 
thesis in 15 months
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SN 2006jc

• Narrow He Lines

• Very Blue Continuum

• Double-Peaked/Flat-Topped 
He Lines

• Relatively Fast Light Curve 
Decline

Foley et al. 2007 (in press)
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He Shell Ejected In 
Luminous Explosion of 2004

CS Interaction Causing 
Narrow He Lines

Fe Lines (Fluorescence or 
Collisional Excitation) 

Causing Blue Continuum

Wolf-Rayet Star With LBV-
like Eruption



!! !" !# $ # " !
%&'()*+,-.#$!-/0-1!#2

$

#

"

!

3
&'
4+
*5
&-
6 !
-7
-8
(
9
1+
49
+

Time

He I 7065

!" #" $" %"" %&" %!"
'()*!*&!+!"""

!%,"

!",$

!",#

!",!

!",&

","

-
./
0
12
34
*5
%
"
6
*7
8
*9
!
%
:

Feb 16

Oct 19
Dec 15

Indications of Dust

Similar to 1998S (Leonard et al. 2000)

NIR bump starting ~Dec 6 
(Arkharov et al. 2006)
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SN 2006gy

• Most Luminous 
SN Ever

• Narrow H alpha 
emission with 
~130 km/s narrow 
absorption

• Found in S0 galaxy

• What’s the 
progenitor?

Smith et al. 2007 (submitted)
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Fig. 6.— The Keck/DEIMOS spectrum of the Hα line seen in
SN2006gy, with the flux normalized to the underlying continuum
level. The upper right inset zooms-in on the narrow P Cygni line
profile that we believe to be associated with a circumstellar nebula.
The dashed line labeled “symmetric” is the red side of the broad
Hα line reflected to blueshifted velocities, showing what the line
shape would be if it were symmetric. Comparing this to the ob-
served Hα profile, it is obvious that there is significant blueshifted
Hα absorption from 0 km s−1 out to a sharp blue edge at about
−4000 km s−1, which we take to be the dominant SN ejecta speed.
At that point, the blueshifted emission recovers to the level ex-
pected for a symmetric profile, and then gradually declines to the
continuum level at about −6000 km s−1, just as on the red side of
the line (which overlaps with He i λ6680). The blueshifted absorp-
tion trough of the narrow component in the bottom panel has a
minimum at about −130 km s−1 relative to the peak of the narrow
emission, and reaches −260 km s−1 at its blue edge.

ferent metallicity and the presence of rotational mixing
may change things substantially (e.g., Woosley & Heger
2006; Yoon & Langer 2005; Maeder 1987). Also, the
model light curves of Scannapieco et al. showed initial
peaks and rapid fall-off at early times because their pro-
genitor stars were assumed to have large radii as red
supergiants, but the extended lightcurves at late times
were powered by 56Ni and 56Co decay. If the progeni-
tor of SN 2006gy had a small radius as we expect for an
LBV (RSGs are not observed at high luminosity in nor-
mal metallicity stars), then the initial peak may be lost
due to adiabatic cooling, and the delayed rise after ∼50
days would be dominated by 56Co decay. Interestingly,
this is similar to the case of SN 1987A, where the pro-
genitor was a blue supergiant with a small radius, and
where its late 70-100 day peak was powered by radioac-
tive 56Co decay. SN 2006gy took a similarly long time
to reach its peak luminosity and has a similarly-shaped
lightcurve (Fig. 2) to SN 1987A, at least so far, but it
was 250 times brighter. In addition, the pair-instability
models of Scannapieco et al. (2005) predict extremely
long durations (∼100 days), slow expansion speeds of
∼5000 km s−1, and the presence of H in the spectrum,
all of which are consistent with SN 2006gy. These clues
are tantalizing, and it would be interesting to see models
for the lightcurves of pair-instability SNe at metallicity
closer to solar values and with compact progenitors. This
is still somewhat virgin territory and will require contin-
ued observational constraints and detailed calculations
to find a suitable model that will work for the case of

SN 2006gy. However, below we sketch a plausibility ar-
gument for the hypothesis that SN 2006gy could have
been a pair-instability SN based simply on the required
power source for its radiated luminosity.

The R-band magnitude at SN 2006gy’s peak was at
least as bright as −21.8, but could have been signifi-
cantly brighter because of our conservative assumptions
for the reddening, as noted in §§2.1 and 2.2. Assuming
no bolometric correction (again, conservative), this cor-
responds to a peak luminosity of !1.7(±0.3)×1044 ergs
s−1. If this peak luminosity traces the instantaneous de-
cay rate (Arnett 1982), we can estimate the necessary
mass of initial nickel in the 56Ni → 56Co → 56Fe decay.
With a late peak at t %70 days, this will put us well
into cobalt decay instead of nickel, as noted above. The
radiated luminosity from cobalt decay is

L=1.42 × 1043 ergs s−1e
−t

111d MNi/M" (2)

=8 × 1042 ergs s−1 MNi/M",

(Sutherland & Wheeler 1982) where MNi is the initial
56Ni mass. The extreme luminosity of SN2006gy, then,
would require an extraordinarily high Ni mass of roughly
22 M" to be synthesized in the explosion. This can be
scaled down somewhat if CSM interaction contributes
part of the energy, but unless that interaction dominates
the light output, this large Ni mass cannot be explained
with a core collapse SN. (Compare this to a normal Type
II supernova arising from a star of 15-20 M", with a
typical Ni mass of about 0.07 M".)

The large Ni mass implicates a progenitor star that
began its life with a mass well above 100 M". The con-
sequences of this are potentially far-reaching, and could
turn out to be the most interesting result of this study.
Namely, the only way to get such an extraordinarily high
Ni mass to power the radiated energy would be from a
pair-instability supernova, where the star’s core is oblit-
erated instead of collapsing to a black hole (Barkat et al.
1967; Fraley 1968; Bond et al. 1984; Heger & Woosley
2002). This type of supernova is only expected to occur
in extremely massive stars. For the mechanism to work in
the modern universe, even the most massive stars would
need to retain most of their initial massive envelopes,
providing a self-consistent interpretation of SN2006gy in
light of other evidence for its high mass discussed here.
This is not wild speculation – in fact, it may be the most
promising explanation – but the possibility deserves close
scrutiny because of its far-reaching importance.

As SN 2006gy continues to evolve, it will become eas-
ier to determine if 56Co decay or CSM interaction is
the power source. If CSM interaction drives the visi-
ble light, we might expect the light curve to plummet
precipitously, down to the luminosity of a normal Type
II. On the other hand, if SN 2006gy continues to decay
smoothly from its peak following a cobalt decay rate, like
SN 1987A but at an elevated luminosity, then it was al-
most certainly a pair-instability SN event. Of course, it
may be some combination of both.

3.5. A Massive Circumstellar LBV Nebula

Independent of these energy-budget arguments, the
properties of a circumstellar nebula around the progeni-
tor of SN2006gy are also consistent with the interpreta-
tion that it was a very massive star, and provide critical

Absorption Velocity Implies 
Massive Progenitor
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TABLE 1
LOG OF OBSERVATIONS AND MEASUREMENTS

Date Tel Magnitudea Date Tel Magnitude
UT 2006 & Band UT 2006 & Band or Fluxa

09-24.9 P60b r 14.80±0.10 10-30.7 P60 i 14.29±0.12
09-25.9 14.78±0.10 10-31.7 14.30±0.12
09-26.7 14.73±0.11 11-01.7 14.31±0.12
10-05.9 14.45±0.10 11-02.8 14.22±0.12
10-29.7 14.32±0.10 11-08.8 14.30±0.12
10-30.7 14.28±0.10 11-09.8 14.34±0.12
11-09.8 14.40±0.10 11-12.0 14.30±0.12
11-12.0 14.33±0.11 11-01.3 P200c J 12.96±0.14
09-24.9 P60 i 14.90±0.12 11-01.3 P200 Ks 12.59±0.17
09-25.9 14.86±0.12
09-26.7 14.69±0.17
10-05.9 14.53±0.12 11-20.4 VLA Xd 186±80µJy

10-26.7 14.30±0.12 11-20.4 VLA Kd 59±110µJy

10-29.7 14.26±0.12 11-23.2 VLA Qd 56±120µJy

a Observed magnitude or flux density of the SN. Magnitude errors include the
uncertainty in absolute calibration, which dominates the errors. To convert

specific-flux errors to 3-! upper limits multiply the errors by 3.b Palomar
60-inch (P60) magnitudes are given in the AB magnitude system. Abso-
lute calibration was performed by fitting the Hipparcos BTVT and 2MASS
(Skrutskie et al. 2006) JHK magnitudes of three nearby Tycho-2 (Høg et
al. 2000) reference stars to synthetic photometry of stellar spectral tem-
plates (Pickles 1998) in the same bands. The best fit spectral template
of each star was used to calculate its synthetic magnitudes in the r- and
i-bands. The uncertainty in this calibration process, calculated from the
scatter between the zero-points derived from each Tycho-2 star, is about
0.1mag.c Palomar 200-inch (P200) IR Vega-based PSF-fitting magnitudes,
relative to the 2MASS star 03172629+4124103 within the field, as mea-
sured with IRAF/DAOPHOT.d Center frequency of VLA bands are as fol-
lows: 8.4GHz (X), 22.5 GHz (K) and 43.3GHz (Q).

al. 1995). Spectra were also obtained on UT 2006 October
28.3, 29.4 and November 25.2, using the Double Beam Spec-
trograph (DBSP) mounted on the Hale 5-m telescope. The
spectra are displayed in Fig. 2.
On UT 2006 Nov 1.3 we observed the event with the Adap-

tive Optics system (Troy et al. 2000) equipped with the Palo-
mar High Angular Resolution Observer (Hayward et al. 2001)
camera mounted on the Hale 5-m telescope. We used the
wavefront reconstruction algorithm – denominator-free cen-
troiding and Bayesian reconstruction (Shelton 1997), which
delivered Ks-band images with 0.′′1 FWHM and a Strehl
ratio of ∼ 15%. We obtained 660s and 300s images in
the Ks and J-bands, respectively, using the high-resolution
mode (25maspix−1) and a 240s Ks-band image using the
low-resolution camera (40maspix−1). Each frame was flat-
fielded, background subtracted, and repaired for bad pixels

using custom PyRAF software6.
The field of SN 2006gy/NGC1260 was observed by the

Swift X-Ray Telescope (XRT) on 2006 October 30 and the
Chandra X-ray Observatory on 2004 December 23 and 2006
November 147. For the Swift observations, assuming a Galac-
tic neutral Hydrogen column density NH = 1.3× 1021 cm−2

(Dickey & Lockman 1990), and a power-law spectrum with
index 1.8, we set a 3-! upper limit for the flux in the
0.2−10keV band of < 1.8×10−13 erg s−1 cm−2. The Chan-
dra observations reveal a variable source at the position of
the nucleus of NGC1260. The spatial coincidence lead us to
attribute this source to an active galactic nucleus. In order

6 PyRAF is a product of Space Telescope Science Institute, which is oper-
ated by AURA for NASA.
7 This latest observation was conducted under Director’s discretionary

time (PI: Pooley).
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FIG. 2.— The spectrum of SN2006gy after subtracting the scaled S0 tem-
plate, and correcting for Milky-Way and NGC1260 extinction (black line;
see text). The blue line shows the same spectrum after subtraction of a
third-degree polynomial fitted to the spectrum. The magenta line shows the
spectrum of the luminous type-Ia SN 1991T at nine days post peak bright-
ness, after the same processing. The spectrum of SN1991T was redshifted

by ∼ 8500km s−1 in order that the possible Si II features in both spectra
coincide. A zoom-in on the H" emission line as observed by LRIS and
DBSP is shown in the upper inset. The lower inset shows a section of the
2-dimensional Keck spectrum of SN2006gy obtained under good seeing con-
ditions on 2006 December 18. The extension in the spatial (vertical) direction
is an H" emission near the SN location (as previously reported by Smith et al.
2006). Technical details: For the LRIS spectra, with integration time rang-
ing from 600 to 2400s, we employed the 1.′′5 slit with the 400/8500 grating
blazed at 7550Å, and the 600/4000 grism, in the red and blue sides, respec-
tively. One exception is the December 19 spectrum that was obtained using
the high-resolution R1200/7500 grating centered on the Na I lines. The DBSP
observations were obtained with a 1.′′5 slit and R158/7500 and B600/4000
gratings on the red and blue arms, respectively. The spectrum marked with
October 28.9 is the sum of four spectra (total integration time of 1500s) ob-
tained during the October run. The integration time for the November DBSP
spectrum was 900s.

FIG. 3.— Left: Ks band image. The SN (marked) is clearly resolved
from the galaxy nucleus. right: J-band image after subtracting the best fit
Sérsic profile from the galaxy and a Gaussian profile from the SN using Gal-
Fit (Peng et al. 2002). The Sérsic model parameters are as follows: in-
dex of 3.7, an effective radius of 34′′, an axial ratio of 0.51, and a position
angle of 80deg. A dust lane (white band) is seen southward of the galaxy
nucleus. Based on three 2MASS sources, we derived the galaxy nucleus po-

sition: " = 03h17m27.s241, $ = +41◦24m18.′′55 and the SN position (end
numbers): 27s.158 (") and 18.′′88 ($ ). The astrometric solution has rms of
0.′′04 and 0.′′01 in " and $ , respectively.

to constrain the X-ray luminosity of the SN, we fitted the X-
ray image with a model containing three components: A nar-
row Gaussian centered on the galaxy position; a wide Gaus-
sian centered on the galaxy position (i.e., diffuse emission);
and a narrow Gaussian centered on the SN position. We find
that the SN flux is consistent with zero, and that its flux is
< 1.6× 1040 erg s−1 at the 3-! confidence level, assuming a
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Fig. 3.— Lick Observatory spectra of SN 2006gy at two different epochs, corrected for a range of assumed host galaxy reddening
corresponding to the values of AR listed at right. This extinction is in addition to Galactic extinction of AR=0.43. These are compared
to the spectrum of the Type IIn SN 2006tf (black) from our database, which is a SN with a similar spectrum to SN 2006gy, but seems
to show little reddening. Although a direct comparison to SN 2006tf is complicated by the time evolution, the earlier day 36 spectrum
of SN 2006gy seems most consistent with AR=1.5, while the later day 71 spectrum is more consistent with AR=1.0. We therefore adopt
AR=1.25(±0.25) mag for SN 2006gy. The reddening could be higher if SN 2006tf has significant reddening as well, so the estimates of
luminosity and energy for SN 2006gy that we quote in this paper are conservative.
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Fig. 4.— Visual-wavelength spectra of SN 2006gy at t=36 and 95 d past discovery, obtained at Lick Observatory and with the Keck
II telescope, respectively. The spectra have both been dereddened by AV = 2 mag (Cardelli et al. 1989). Several narrow absorption lines
in our high-resolution Keck spectrum have been marked, but there are some remaining unidentified lines. Also plotted is a comparison
spectrum of the Type Ia SN 1991T at t=35 days (Filippenko et al. 1992) for comparison with our day 36 spectrum of SN 2006gy. Although
the general shape of the continuum in SNe 1991T and 2006gy are similar, no spectral features match. This indicates that SN 2006gy is not
a Type Ia explosion within a dense hydrogen wind (see §3.3).

and a maximum likelihood reconstruction of the data, as
well as an image of the Chandra PSF on the same spatial
scale. The maximum likelihood reconstruction was made
by ACIS Extract using the max likelihood procedure
available in the IDL Astronomy User’s Library5; we went
through 200 iterations of the algorithm, using the PSF
shown in the figure. The PSF was constructed by ACIS

5 http://idlastro.gsfc.nasa.gov/contents.html

Extract through use of the CIAO tool mkpsf based on
the off-axis location of the source and at an energy of
1.49 keV (the Chandra PSF is also a function of energy).
As can be seen, there is excellent agreement between the
locations of the reconstructed sources and the locations
of the SN and nucleus. This argues strongly that we
have, in fact, detected SN 2006gy and spatially resolved
it from the nucleus of NGC 1260.

We extracted counts in the full 0.5–8 keV bandpass

Not a Ia Spectrum



Energetics Suggest PI SN

• Erad = 1051 ergs

• M = 1-5 x 10-4 Msun/year

• PI means 22 Msun of 56Ni

• No Radio Detection

• Late-time Decline Is Key
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Fig. 3.— Lick Observatory spectra of SN 2006gy at two different epochs, corrected for a range of assumed host galaxy reddening
corresponding to the values of AR listed at right. This extinction is in addition to Galactic extinction of AR=0.43. These are compared
to the spectrum of the Type IIn SN 2006tf (black) from our database, which is a SN with a similar spectrum to SN 2006gy, but seems
to show little reddening. Although a direct comparison to SN 2006tf is complicated by the time evolution, the earlier day 36 spectrum
of SN 2006gy seems most consistent with AR=1.5, while the later day 71 spectrum is more consistent with AR=1.0. We therefore adopt
AR=1.25(±0.25) mag for SN 2006gy. The reddening could be higher if SN 2006tf has significant reddening as well, so the estimates of
luminosity and energy for SN 2006gy that we quote in this paper are conservative.

4000 5000 6000 7000 8000
Rest Wavelength (Å)

10

20

30

40

50

60

R
el

at
iv

e 
f λ

 +
 C

on
st

an
t

06gy  τ = 36 d

91T   τ = 35 d

06gy  τ = 96 d

Na DCa H & K

Fe II

Hβ

Si II

Fe II

He I

Lick

Keck

Fig. 4.— Visual-wavelength spectra of SN 2006gy at t=36 and 95 d past discovery, obtained at Lick Observatory and with the Keck
II telescope, respectively. The spectra have both been dereddened by AV = 2 mag (Cardelli et al. 1989). Several narrow absorption lines
in our high-resolution Keck spectrum have been marked, but there are some remaining unidentified lines. Also plotted is a comparison
spectrum of the Type Ia SN 1991T at t=35 days (Filippenko et al. 1992) for comparison with our day 36 spectrum of SN 2006gy. Although
the general shape of the continuum in SNe 1991T and 2006gy are similar, no spectral features match. This indicates that SN 2006gy is not
a Type Ia explosion within a dense hydrogen wind (see §3.3).

and a maximum likelihood reconstruction of the data, as
well as an image of the Chandra PSF on the same spatial
scale. The maximum likelihood reconstruction was made
by ACIS Extract using the max likelihood procedure
available in the IDL Astronomy User’s Library5; we went
through 200 iterations of the algorithm, using the PSF
shown in the figure. The PSF was constructed by ACIS

5 http://idlastro.gsfc.nasa.gov/contents.html

Extract through use of the CIAO tool mkpsf based on
the off-axis location of the source and at an energy of
1.49 keV (the Chandra PSF is also a function of energy).
As can be seen, there is excellent agreement between the
locations of the reconstructed sources and the locations
of the SN and nucleus. This argues strongly that we
have, in fact, detected SN 2006gy and spatially resolved
it from the nucleus of NGC 1260.

We extracted counts in the full 0.5–8 keV bandpass

Another Texas Discovery

H alpha absorption at ~80 km/s

Stronger H alpha emission and 
larger H beta / H alpha ratio
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Fig. 5.— Soft band (0.5–2 keV) Chandra images of NGC 1260. The top left image shows the raw Chandra data (after our astrometric
correction) with red and blue arrows indicating the KAIT positions of the SN and galaxy nucleus, respectively. The top right is a
gaussian-smoothed version of this image, in which the sources are more clearly apparent. The bottom left image is a maximum likelihood
reconstruction of the 0.5–2 keV image (see text for details). The bottom right shows the Chandra PSF at the location of the galaxy on the
same spatial scale as the other images.

changed little from the initial value of FWHM!2500 km
s−1 seen in the Hβ emission feature only a few days af-
ter discovery (Harutyunyan et al. 2006). (Recall that
if the SN is powered by CSM interaction, then the ob-
served expansion speed traces the blast wave speed, and
not the expected decrease in speed as we see the H re-
combination front progress deeper into the SN ejecta.) If
the expanding blast wave has only slowed by about 10%
in the first few months, conservation of momentum dic-
tates that the mass of swept-up material is only about
10% of the ejected mass. Since at least a few M" of
material needs to be swept up to power the luminosity
of SN 2006gy6, the mass of the SN ejecta then needs to
be at least 10-20 M". This clearly rules-out a Type Ia
event. Another way to approach the problem is that if
the ejecta only slow by 10% after discovery, then only
∼20% of the initial kinetic energy can be converted into
radiation during that time. The huge radiated energy of
SN 2006gy would then require a supernova with at least
5×1051 ergs, which – again – is too great a demand for a
Type Ia, even in a double-degenerate scenario or a super-
Chandrasekhar-mass white dwarf.7 In short, one cannot
extract enough energy from the shock to power the light

6 This comes from the required progenitor mass-loss rate, the
duration of the SN so far (t!150 d), and the relative speed of the
blast wave and circumstellar material; i.e. M = Ṁ × tVS/Vw,
which gives about 4 M!.

7 Invoking the hypothesis that the CSM interaction occurred
before the first observation, allowing the observed supernova ex-
pansion speed to remain constant, does not help because it cannot
account for how the light curve is powered for more than 100 days
after that interaction (the ejecta cool quickly).

curve without slowing down the shock, unless the initial
mass and kinetic energy of the SN ejecta are high.

Even if we somehow allow for very efficient conversion
of all the 1051 ergs of blast wave kinetic energy into radi-
ation, then we must ask: What type of progenitor star is
likely to have had such a stupendous mass-loss rate? A
rate of 0.5 M" yr−1 would be unheard of for a low-mass
(2-8 M") AGB star, required in the Type IIa scenario,
for which observed mass-loss rates are four to five or-
ders of magnitude lower (de Jager et al. 1988). In fact,
it is also more than 4 orders of magnitude larger than
the Eddington accretion rate for a white dwarf, which
would be relevant in a common-envelope scenario. Even
massive stars in their normal (i.e. non-eruptive) states
do not come close. The only type of star known to have
a mass-loss rate higher than 0.1 M" yr−1 would be an
LBV during a giant eruption (Smith & Owocki 2006).
Those events typically last about a decade or less (Van
Dyk 2005), which would be of the right order (t=150d
×VS/Vw) to account for SN 2006gy’s required circum-
stellar environment. Interestingly, if it were true that
this mass loss event was of such a short duration, then
we would predict the luminosity of SN 2006gy to soon
plummet rapidly to the late-time luminosity of a normal
Type II SN. Such a sudden drop was seen in SN 1994W
(Chugai et al. 2004). This interpretation, though, forces
us back once again to the hypothesis that the progenitor
was an extremely massive star, since only the most pow-
erful LBV outbursts from the most massive stars with
initial masses above ∼100 M" are known to have mass-
loss rates so high. Coincidentally, the average mass-loss

X-Ray Detection


